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THE EFFECT OF DISSOLVED OXYGEN 
AND CL/NO2
-
 ON THE CORROSION 
INHIBITION OF SODIUM NITRITE IN 
BICARBONATE/CHLORIDE SOLUTION 
G D Eyu, W Geoffrey, W Dekkers, Je MacLeod 
Department of Chemistry, Physics and Mechanical Engineering, 
Queensland University of Technology, Brisbane Queensland, Australia 
SUMMARY: The inhibition of sodium nitrite on the corrosion behavior of mild steel was 
studied in different dissolved oxygen (DO) and nitrite concentrations under dynamic 
conditions using electrochemical techniques. Potentiodynamic polarization curves indicate 
that passivation increases with increasing nitrites and dissolved oxygen concentrations. 
Scanning electron microscopy (SEM) results reveal that pitting corrosion was predominant in 
the specimen exposed to solution containing 0.8 ppm DO. X-ray diffractometry analyses 
confirmed that the corrosion products were mainly    FeO(OH) (goethite) and   Fe2O3. 
The passive layer formed was more protective at 4 ppm DO concentration as compared to 
0.8ppm DO due to an enhanced oxide film. The corrosion current density decreases with 
increasing DO in the presence of nitrites. 
 
Keywords: Carbon steel, Sodium nitrite, Corrosion, Polarization, Inhibition, Passivation. 
1. INTRODUCTION     
Bicarbonate induced corrosion is potentially relevant in many applications, such as wellbore systems for 
geological sequestration of CO2 [1], and coal seam gas infrastructure. Studies indicate that chloride [2] and 
HCO3
-
 concentration increases carbon steel dissolution [3-5], and consequently reduce their service life time. 
Many methods have been adopted to minimize corrosion. Among them, the use of inhibitors is cost-efficient and 
convenient for corrosion control [6]. Inorganic inhibitors such as nitrite have been used in food industries [7] 
and petroleum products pipelines [8]. Nitrite is believed to contribute to the formation of oxide as an oxidizing 
agent following adsorption on the surface [9]. Pryor & Cohen [10] reported that dissolved oxygen is mainly 
responsible for the passivity of steel in solution containing highly oxidizing inhibitors. Sodium chromate and 
nitrites can passivate ions in deaerated solutions, although the potential of iron in deaerated solutions takes 
longer to reach the passive region [11]. Sodium nitrite can increase corrosion rates if its concentration and the 
amount of dissolved oxygen are below a critical level. To date, the critical concentrations of sodium nitrite and 
dissolved oxygen and the optimum chloride/nitrite ratio to provide protection for carbon steel in high 
bicarbonate/chloride solution has not been established. This study investigates the effect of dissolved oxygen 
and chloride/sodium nitrite on the corrosion inhibition of nitrite in chloride containing bicarbonate solutions.  
2. EXPERIMENTAL 
2.1 Materials and solutions 
Cylindrical carbon steel rod ( 16mm) of grade AISI 1020, with chemical compositions shown in Table 1, was 
used as the rotating disc electrode (RDE). Two solutions were prepared by dissolving analytical grade sodium 
bicarbonate (1g, 5g) and sodium chloride (2g) in distilled deionized water. Sodium nitrite (1 g, 2 g, 5 g) were 
used as in inhibitors. 
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Working electrode 
Glass cell 
Reference electrode 
Analytical rotator 
Counter electrode 
2.2 Electrochemical tests 
The corrosion evaluation was monitored by potentiodynamic polarization and electrochemical impedance 
spectroscopy (EIS). The corrosion tests were carried out in a 1 L glass cell containing the test solution (400 mL) 
and a rotating disk electrode (working electrode) fitted into rotating shaft of an analytical rotator AFASRE 747 
(Pine Instrument Company) as shown in Fig.1. The unexposed surface area was embedded in epoxy, leaving an 
exposed area of 2.01 cm
2
 in contact with the corrosive solution. The reference electrode was a saturated calomel 
electrode (SCE) while platinum was used as the counter electrode. Corrosion tests were performed at ambient 
temperature (22±3 

C) with pH (8.2±0.1) under dynamic conditions (2000 rpm) at a scan rate of 0.167 mV/s 
using a Bio-Logic instrument Model VSP 0508 potentiostat. The potentiodynamic polarisation was obtained 
from a starting potential of -0.30 V vs SCE to a final potential of +1.20 V vs.SCE. Electrochemical impedance 
spectroscopy measurements were conducted at open-circuit. The measuring frequencies ranged from 10 kHz to 
0.1Hz with a perturbing alternating current (AC) amplitude of 10 mV and a sampling rate of 10 points per 
decade. 
 
2.3 Surface analysis 
Scanning electron microscopy (SEM) imaging was performed after corrosion tests using a Zeiss Sigma VP Field 
Emission Scanning Electron Microscope (Oxford XMax 50 with silicon drift energy dispersive spectroscopy 
(EDS) detector in secondary electron (SE) image mode with an accelerating beam voltage of 15kV. 
2.4 X-ray diffraction 
The corrosion products were characterized in-situ using a PANalytical X
’
pert PRO MPD powder X-ray 
Diffractometer (XRD), 40 keV, 40 mA, Co Kα with the multi-purpose vertical stage and a 5 mm mask in Bragg-
Brentano geometry. Data were collected from 2θ values of 5 –110° at a step size of 0.0084°. 
3. .RESULTS AND DISCUSSION 
Table 1: Chemical composition of mild steel (wt.%). 
 
 
  
  
Fig 1: Electrochemical test set-up 
 
 
C Si Mn Cr Cu Ni Fe 
0.20 0.32 0.79 0.01 0.01 0.01 Bal 
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3.1 Critical nitrite concentrations 
Fig.2 shows the potentiodynamic polarization curves for mild steel in 1 g bicarbonate chloride solution without 
and with different sodium nitrite concentrations at 2000 rpm rotation speeds. All polarization tests were 
performed twice and the results were consistent, however the data included here represent only a single set of 
results. The results show that the anodic polarization current increases with potential without passivation, 
implying an active dissolution of the specimen in the solution without nitrite, which resulted in a high corrosion 
current density of ≈ 341 µA/cm2 as shown in Table 2. The corrosion potential shifted in the noble direction, as 
pitting potential increases and the corrosion rate decreases with increasing nitrite concentration [12]. These 
results suggest that nitrite functions as an oxidizing agent that facilitates the formation of a thin film of  -Fe2O3 
oxide which form an effective barrier layer at the steel/solution interface [13]. However, at corrosion potential 
(Ecorr) > ≈ 500 mV, the anodic polarization curve shows hysteresis behavior in the solution containing [Cl/NO2
-
] 
= 2/5, indicating pitting corrosion behavior. The values of corrosion current densities (     ), corrosion potential 
          anodic Tafel slope (    and cathodic Tafel (  ) are summarized in Table 2. The magnitude of Tafel 
slopes (      and (  ) change upon addition of inhibitor, however the variation does not appear to follow any 
trend. This fact suggests uncorrelated changes in corrosion potential values. 
 
 
Fig. 2: Potentiodynamic polarization for mild steel in bicarbonate/chloride solution containing different 
concentrations of nitrite inhibitor at 2000 rpm. 
Table 2: Polarization parameters for mild steel in bicarbonate/chloride solution containing different nitrite 
concentrations at 2000 rpm. 
 
 
 
 
 
Impedance spectra were obtained from the specimen in bicarbonate / chhloride solutions containing  nitrte 
inhibitors. The spectra, along with an equivalent electrical circuit model, are shown in Fig.3, where Rs, Rct, Ra, 
Qdl and Qa represent the solution resistance, charge transfer resistance (metal/film interface), adsorption 
resistance (solution/film interface), double layer capacitance and passive film capacitance, respectively. The use 
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of constant phase element (CPE) defined by the values of n and Q, is commonly used to compensate for 
inhomogeneity of electrode surface. The impedance, Z of the constance phase element as given  in [14]: 
ZCPE = Q
-1
(j )-n,                                                                                                                                                                       
(1)                                                                                                         
where Q and n are constant and exponent, respectively, j = (    ) is an imaginary number,       is the 
angular frequency in rad/s calculated using  , the frequency in Hz..  At low frequency, the impedance and phase 
angles describes the kinetic response for the charge transfer activity, while at high frequency they depend on 
surface layer inhomogeneity [15], 
 
 
 
 
 
 
 
 
 
Fig.3. Equivalent circuit for impedance measurements 
 
Fig 4 (a, b, c) shows Nyquist , impedance magnitude and Bode phase angle plots for mild steel in bicarbonate 
chloride solution without and with different sodium nitrite concentrations under rotation speeds at 2000 rpm. 
The Nyquist impedance semicircle increases with increasing nitrite concentrations as shown in Fig.4a, implying 
that stable oxide film formation on the steel surface was improved by the addition of nitrite. The charge transfer 
resistance (Rct) increases with nitrite concentrations as shown in Table 3. However, above [Cl/NO2
-
] = 2/2, a 
further increase in nitrite concentrations does not show any significant increase in the impedance and (Rct). Bode 
impedance magnitude plots (Fig. 4b) also reveals that impedance spectra increase with nitrite concentrations at 
low frequency region, indicating that the steel shows more surface resistance to corrosion with increasing nitrite 
concentrations, similar result is seen in the Bode phase angle in Fig 4c. 
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Fig.4: Impedance spectra for mild steel in bicarbonate/chloride solution containing different nitrite 
concentrations at 2000 rpm: (a) Nyquist impedance (b) impedance magnitude and (c) Bode phase plots. 
 
Table 3: Impedance parameters for mild steel in bicarbonate/chloride solution containing different nitrite 
concentrations at 2000 rpm. 
 
Inh.  (g/L) Rs 
(Ωcm2) 
Rct 
(Ωcm2) 
   Qdl 
   (Fcm
-2
) 
n
 
Ra 
(Ωcm2) 
Qa 
(Fcm
-2
) 
 
0 46.12 42.9 3.84×10
-4
 0.84 40.11 3.30×10
-2
 
1 48.43 1997 1.91×10
-3
 0.99 1395 6.09×10
-4
 
2 42,88 4542 6.26×10
-4 
0.74 54.29 3.48×10
-3 
5 25.18 4216 5.44×10
-4
   0.66 22.39 3.74×10
-6 
       
3.2 Effect of dissolved oxygen concentrations 
Fig. 5 shows the effect of N2 gas purging gas on the corrosion potential (Ecorr) for mild steel mild in 5 g/L 
bicarbonate chloride solution containing 2 g/L sodium nitrite concentrations in different dissolved oxygen 
concentrations. The result shows that corrosion potential decreases with N2 gas purging time, which implies that 
corrosion potential increases with dissolved oxygen concentrations. 
Fig. 6 shows the potentiodynamic polarization curves for mild steel in 5 g/L bicarbonate chloride solutions 
containing 2 g/L sodium nitrite concentration at 2000 rpm rotation speed.The result shows that transition from 
active to passive behavior appeared at ≈ -600 mVSCE in solution containing 0.8 and 1 ppm dissolved oxygen and 
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three anodic peaks appeared in each of the polarization curves which implies the formation and dissolution of 
oxide film on the steel surface. The polarization curve for the specimen in solution containing 4 ppm dissolved 
oxygen does not show a significant transition from active to passive behavior as well as anodic peak, which 
implies that the presence of oxygen raises the corrosion potential of the steel to passive region, which facilitates 
the quick formation of  -Fe2O3 oxide as: 
 2NO2
-
 + ½ O2 + 5e
-
  N2O + 4O
2-
                                                                                                                                         
(2) 
The oxygen ions (O
2-
) combine with iron (III) ions produced at the steel surface to expedite the formation of the 
passive film [16]. This passive film forms accordingly [17]:  
Fe 
2+
 + 2OH  2NO +  -Fe2O3 + H2O                                                                                                                                    
(3) 
The dissolved oxygen facilitates the constant repair of the passive film by preventing iron ions from entering the 
solution. The passive film forms an effective barrier which decreases the corrosion rate, and the corrosion 
current density decreases from ≈ 187µAcm-2 to ≈ 7µAcm-2 in 0.8 ppm and 4ppm DO concentration, 
respectively. Tafel slope values  (    and (  ) shown in Table 4 show that the values deviate from a typical 
Tafel slopes due to lack of linearity in the Tafel regions. 
 
 
Fig. 5: Corrosion potential as a function of N2 purging 
time bicarbonate/chloride solution 
Fig. 6: Potentiodynamic polarization for mild steel in 
bicarbonate/chloride solution containing nitrite 
inhibitor in different dissolved oxygen concentrations 
at 2000 rpm. 
 
Table 4: Polarization parameters for mild steel in bicarbonate/chloride solution containing nitrite inhibitor in 
different dissolved oxygen concentrations at 2000 rpm. 
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Fig. 7 (a, b, c) represent Nyquist, Bode impedance magnitude and  phase angle plots for mild steel in 5 g/L 
bicarbonate chloride solution containing 2 g/L sodium nitrite concentrations in different dissolve oxygen 
concentrations at 2000 rpm rotation speeds. The effect of dissolved oxygen is clearly revealed in the Nyquist 
plots in Fig. 7a. The impedance spectra semi-circle decreased significantly with decreasing dissolved oxygen 
concentrations, suggesting that the oxygen present in the solutions under these conditions was insufficient to 
promote constant oxide film repair. In contrast, in the solution containing 4ppm DO, adequate oxide film repair 
was achieved and a relatively stable passive layer was formed, which inhibits the metal dissolution at the 
steel/solution interface. The charge transfer resistance increases with dissolved oxygen concentrations as shown 
in Table 5. The Bode impedance plots in Fig. 7b show that the impedance increases with increasing DO at the 
capacitive region at low frequency, which implies that the surface resistance to corrosion increases with 
increasing DO in the presence of nitrite. The phase angle maxima for specimens containing 0.8 and 1 ppm DO 
are far below 90 , and decreases at high frequencies with decreasing DO concentrations. This result indicates a 
deterioration in the passive film [12]. The result is in agreement with the polarization data obtained. 
  
 
 
 
 
Fig.7: Impedance spectra for mild steel in bicarbonate/chloride solution containing nitrite inhibitor in different 
dissolved oxygen concentrations at 2000 rpm: (a) Nyquist impedance (b) impedance magnitude and (c) Bode 
phase plots. 
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Table 5: Impedance parameters for mild steel in bicarbonate/chloride solution containing nitrite inhibitor in 
different dissolved oxygen at 2000 rpm. 
 
DO (ppm) 
Rs 
(Ωcm2) 
Rct 
(Ωcm2) 
   Qdl 
   (Fcm
-2
) 
n
 
Ra 
(Ωcm2) 
Qa 
(Fcm
-2
) 
 
0.8 26.38 97.42 8.3×10
-4
 0.76 70.81 1.2×10
-2
 
1 30.02 144.4 5.61×10
-4
 0.79 21.20 1.89×10
-2
 
4 15.33 4473 5.22×10
-4 
0.76 11.06 1.02×10
-4 
       
3.3 SEM and EDS analyses  
Fig. 8 shows the scanning electron micrographs of mild steel before and after corrosion testing in 5 g/L 
bicarbonate/chloride solutions containing 4 ppm and 0.8 ppm dissolved oxygen concentrations at 2000 rpm 
rotation speed. Fig. 8a shows the mild steel morphology before immersion. Fig. 8 (b, c) and Fig. 8 (d, e) show 
the morphology of the mild steel after the electrochemical tests in the solution containing 4 ppm and 0.8 ppm 
dissolved oxygen, respectively. The steel surface was partially covered with the corrosion products, which form 
a barrier at the steel/solution interface as shown in Fig. 8 (b, d). The specimen in solution containing 4 ppm 
dissolved oxygen suffered a general corrosion, whereas pitting attack is seen on the specimen in solution 
containing 0.8 ppm due to the effect of small anode (uncovered areas) and large cathode (covered areas) as 
shown in Fig. 8e. The energy dispersive spectroscopy (EDS) analyses, shown in Fig. 9 and 10, show that the 
corrosion product consists of mainly elemental iron, oxygen, carbon, sodium and traces of chlorine in both 
immersion conditions. The elemental percent of sodium, carbon and chlorine as shown in Table 6 and 7, are 
lower for the solution containing 4 ppm in comparison with the solution containing 0.8 ppm DO. The lower 
amount of chloride ion could be attributed to a relative passive oxide film which forms a barrier layer at the 
steel/solution interface that decreases the ingress of the corrosive which reduces pitting corrosion (Fig. 8c). 
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Fig 8: Scanning electron micrographs of mild steel before and after corrosion test in 5 g/L bicarbonate/chloride 
solutions containing nitrite inhibitor for different dissolved oxygen concentrations at 2000 rpm rotation speeds: 
(a) before immersion (b) oxide film covered area (4 ppm)  (c) uncovered area (4 ppm)  (d)  oxide film covered 
area (0.8 ppm) (e) uncovered area (0.8 ppm). 
(a) 
(b) (c) 
(d) (e) 
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Fig 9: Scanning electron micrograph of mild steel surface after corrosion testing in bicarbonate /chloride solution 
containing nitrite inhibitor and 4 ppm dissolved oxygen at 2000 rpm. The number points indicate different areas selected 
for EDS analyses. 
Table 6: Relative elemental composition of the corrosion layers for 4 ppm sample (%) 
 
 
Table 7: Relative elemental composition of the corrosion layers for sample immersed in bicarbonate/chloride 
solution containing nitrite inhibitor and 0.8 ppm dissolved oxygen (%). 
Selected area Fe O C       Na       Cl 
A 69.9 22.0 3.9 2.8 0.5 
B 
C 
70.0 22.0 3.8 2.8 0.4 
69.6 22.1 4.1 2.8 0.5 
      
 
Fig 10: Scanning electron micrograph of mild steel surface after corrosion testing in bicarbonate /chloride 
solution containing nitrite and 0.8 ppm dissolved oxygen at 2000 rpm. The number points indicate different 
areas selected for EDS analyses. 
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3.4 XRD 
XRD patterns in Fig. 11 shows the different diffraction peaks associated with surfaces before and after corrosion 
tests. Fig.11a shows the elemental peaks of the specimen before corrosion test. As expected, only metallic iron 
(Fe) peak is evident. However, the peak patterns for the inhibited specimens immersed in solutions containing 4 
ppm and 0.8 ppm DO concentrations, respectively, contain peaks associated with goethite   FeO(OH), siderite 
(FeCO3) and maghamite   -Fe2O3), as shown in Fig. 11 (a, b) . The distribution of maghamite   -Fe2O3) peaks 
were more apparent for the specimen containing 4 ppm DO in comparison with specimen in 0.8 ppm in the 
presence of nitrite. This is presumably due to relatively large amounts of corrosion product deposited on the 
steel/solution interface during the corrosion tests. 
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A 65.4 22.3 6.0 4.7 0.9 
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Fig 11: XRD patterns for mild steel before and after corrosion test in 5 g/L bicarbonate/chloride solutions 
containing nitrite inhibitor for different dissolved oxygen concentrations at 2000 rpm rotation speeds: (a) before 
immersion  (b) 4 ppm    (c)  0.8 ppm. 
4.  CONCLUSION 
This study examined the effect of chloride/nitrite ratio and dissolved oxygen concentrations on the inhibition of 
sodium nitrite inhibitor on the electrochemical behaviour of mild steel in bicarbonate/chloride solutions under 
dynamic conditions. Nitrite acts as an anodic inhibitor, and inhibition increased with nitrite concentration. Mild 
steel was more susceptible to localized corrosion in nitrite concentrations above [Cl/NO2
-
] = 2/2 due to the effect 
of small anode and large cathode areas. The inhibitor performance was enhanced by the presence of dissolved 
oxygen. Dissolved oxygen acts as an oxidizer which facilitates the formation of maghemite    Fe2O3) which 
forms a stable passive layer due to constant oxide film repair. Nitrite inhibitor can be best used in chloride 
alkaline medium in the presence of dissolved oxygen to mitigate pitting corrosion of mild steel. 
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